Two long drill cores through the Transvaal Supergroup (Neoarchean-Paleoproterozoic) record the vertical transition from a mixed siliciclastic-carbonate ramp (Schmidtsdrif Subgroup) through the Campbellrand-Malmani carbonate platform (Campbellrand Subgroup) to deeper-water banded iron formations (Asbestos Hills Subgroup). The cores were drilled in proximal (core GKF01) and distal (core GKP01) positions relative to the margin of the Campbellrand-Malmani carbonate platform. Correlation between cores is based on three types of marker horizons: sequence stratigraphic, volcanic/impact and lithologic markers. Several surfaces can be correlated to the platform succession. Gamma-ray data and bulk-rock XRF geochemistry of siliciclastic mudstones and tuff beds support the correlation.
Introduction
Neoarchean and Paleoproterozoic rocks in South Africa (Figure 1 ) record significant environmental, geochemical and biochemical changes. The Campbellrand-Malmani platform of the Transvaal Supergroup is one of the first recorded major carbonate platforms in Earth history (Beukes, 1987; Sumner, 1997a) . It is closely associated with significant volumes of banded iron formations (BIF) (Figure 2 ; Beukes and Klein, 1992) . Precipitation of iron and associated manganese has been explained by photochemical oxidation, which likely involved aerobic or anaerobic bacteria (Beukes and Klein, 1992; Konhauser et al., 2002) . Understanding of these relationships will place constraints on the oxygen concentration in the atmosphere (Beukes and Klein, 1992; Kirschvink et al., 2000; Beukes, 2004) . Diamictite deposition and strong carbon isotope variations in upper parts of the Transvaal Supergroup were cited as evidence for potential global ice ages (e.g. Evans et al., 1997; Bekker et al., 2001) .
A sound sedimentary and stratigraphic framework is required for any study into the controls of these changes. The Neoarchean-Paleoproterozoic record in South Africa is particularly suited for such a study, because it is well preserved and nearly continuous ( Figure 2 ). However, gaps in our understanding still remain, in particular for the temporal and spatial relationships between carbonate and BIF deposition. Although platform and basinal successions of the Campbellrand-Malmani platform are well exposed in Stratigraphic and geochemical framework of the Agouron drill cores,Transvaal Supergroup (Neoarchean-Paleoproterozoic, South Africa)
outcrop and were encountered in exploration drill core, relatively little is known about the platform margin and slope. To fill this gap, the Agouron Drilling Project was initiated to drill two cores through the slope facies succession (Figures 2 and 3 ). The purpose of this contribution is the first documentation of the cores, their sedimentology and bulk-rock geochemistry. This will provide the background for future detailed studies of the core material. We describe the sedimentary evolution in the cores, and use stratigraphic surfaces and geochemistry for a correlation between the cores. The discussion focuses on the general sedimentary evolution in the context of platform development and on the characteristics of the geochemical patterns observed in siliciclastic mudstones and tuff beds.
Geological Setting
The Neoarchean-Paleoproterozoic Transvaal Supergroup forms an extensive cover sequence on the Kaapvaal Craton in South Africa (Figure 1 ; Beukes, 1987; Sumner and Grotzinger, 2004) . It is preserved in the Transvaal and the Griqualand West sub basins. Three lithologically distinct units in the Griqualand West sub basin are relevant for this study; from base to top these are the Schmidtsdrif, the Campbellrand and the Asbestos Hills Subgroups (Figure 2 ).
The Schmidtsdrif Subgroup has a maximum age between 2,642 ± 3 Ma and 2,664 ± 1 Ma (Barton et al., 1995; Walraven and Martini, 1995) and it unconformably overlies the volcano-sedimentary Ventersdorp Supergroup (Figure 2 ). Total thickness of the subgroup varies from 10 to 250 m (Beukes, 1978) . The Schmidtsdrif Subgroup has a basal unit of subtidal and tidal flat sandstones (Vryburg Formation) that passes upward to shallow-water oolitic and stromatolitic carbonates (Boomplaas Formation) (Beukes, 1978) . Deeper-water siliciclastic mudstones of the Lokammona Formation occur at the top. Schmidtsdrif rocks record the flooding of the craton and the establishment of a mixed carbonate-siliciclastic ramp.
Rocks of the overlying Campbellrand Subgroup (~2.6 to ~2.5 Ga; for discussion of ages see Altermann and Nelson, 1998; Sumner and Grotzinger, 2004) were deposited in two distinct paleogeographic domains (Figures 2 and 3 ; Beukes, 1987) . A shallow subtidal platform developed in the northeast of the study area, where rocks include oolitic and stromatolitic facies that make up the (informal) Ghaap Plateau Facies (≤1,900 m thick, Figures 2 and 3; Beukes, 1978; 1987; Sumner, 1997a; Sumner and Grotzinger, 2004) . A distinct platform margin, which possibly corresponded to a sedimentary growth fault with northwest-southeast strike, separated the platform from the basinal area in the southwest (Beukes, 1987) . Microbialitic, laminated and resedimented carbonates with interbedded siliciclastic mudstone, chert and iron formation of the Prieska Facies were deposited in the basin and on the slope (≤650 m thick, Figures 2 and 3; Beukes, 1978; 1987) .
The Campbellrand Subgroup is conformably overlain by chert and BIF of the Asbestos Hills Subgroup (≤1,000 m thick, Figure 2 ; Beukes, 1978; 1984) . This transition represents drowning of the platform (Klein and Beukes, 1989; Sumner and Grotzinger, 2004) . Deeper-water banded chert and iron formation of the Kuruman Formation form the base; they pass up section to the shallow-water granular iron formation of the Griquatown Formation (Beukes, 1984) .
The transition between the Campbellrand carbonates and overlying iron formations is relatively well exposed in the platform domain, but only limited outcrop is available to the southwest of the platform margin. Although the exact nature of this transition is critically important for the understanding of depositional processes in the Neoarchean and Paleoproterozoic, it is currently poorly understood.
Two cores, approximately 24 km apart, were drilled through the platform slope southwest of Griquatown and provide fresh sample material to study the sedimentology and diagenesis of the Schmidtsdrif to Asbestos Hills Subgroups (Figure 3 ). Core GKF01 is located in a proximal position on the platform slope ( The second core, GKP01, was drilled in a more distal position on the slope (Figure 3 ), where the Transvaal Supergroup has a thickness of 1,150 m covering the stratigraphy from the Ventersdorp Supergroup through the basal Kuruman Formation ( Figure 5 ). As in GKF01, Karoo Supergroup strata occur unconformably at the top of the core.
Methods
The geographic co-ordinates for the cores are S 28°56' 06.0" E 023°15' 00.0" (GKF01) and S 29°08' 12.5" E 023°08' 06.9" (GKP01). Both cores were drilled with water instead of oil-based drilling fluids to avoid contamination by organic complexes. Well control was maintained throughout drilling, and cores were orientated for subsequent paleomagnetic studies. Core diameter is HQ (70 mm) at the top of the hole, followed by NQ (47.6 mm) below. Recovery was close to 100% of cored intervals. Wireline tools were run after drilling to obtain continuous gamma-ray, magnetic susceptibility, caliper and electric dipmeter logs. One half of each core is stored at the Council of Geosciences in Pretoria, South Africa, whereas the other half is kept at the California Institute of Technology, Pasadena, United States of America True dip of stratigraphic surfaces in the cores is usually below 10°. As a result, the difference between apparent thickness measured along the borehole axis (given below) and true thickness will be < 5%, and no thickness correction was applied. Fractures and steep dips in upright microbialite structures locally generated higher dipmeter readings.
Sampling occurred in approximately 5 m-intervals. Samples were split; one slice was reserved for thin section preparation. The remainder of the sample was crushed and ground in an agate vibratory disc mill. Sample slices and powders are being kept in storage at the Department of Geology, University of Johannesburg for future studies.
Analyses of major, minor and trace element concentrations in siliciclastic mudstones were performed by wavelength-dispersive X-ray fluorescence (XRF; Philips Magix Pro Spectrometer) in the SPECTRAU analytical facility at the University of Johannesburg. Walraven and Martini, 1995 , Altermann and Nelson, 1998 , Pickard, 2003 . (b) Schematic cross section of the platform-to-basin transition in the study area, to illustrate the lithostratigraphic correlations in the Campbellrand Subgroup. Approximate locations of the cores relative to the platform margin are indicated. Modified after Beukes (1987) .
The major and the trace elements were analyzed on lithium borate (Li 2 B 4 O 7 -LiBO 2 ) fused glass beads and pressed powder pellets, respectively.
The accuracy and precision of the data were estimated from repeated analyses of certified reference materials (sedimentary rocks SDO-1, SCo-1 and SARM-41). The accuracy was found to be better than ± 5% for SiO 2 , TiO 2 , A1 2 O 3 , CaO, MgO, MnO, K 2 O and P 2 O 5 ; ± 7% for total Fe 2 O 3 ; ± 10% for Na 2 O; ± 4% for Nb, Zr and Rb; ± 10% for Th and Cr; ± 15% for Y; and ± 25% for V. Precision for all major oxides was always better than 0.5%; for trace elements it was better than 3%.
Tuff samples were analyzed by inductively-coupled plasma (ICP) spectrometry at Acme Analytical Laboratories. For major, minor, rare earth, and refractory elements, this involved sample fusion with LiBO 2 and digestion in nitric acid, followed by ICP emission spectrometry (major and minor elements), or ICP mass spectrometry (rare-earth and refractory elements). For precious and base metals, samples were fused with LiBO 2 , digested in aqua regia, and analyzed by ICP mass spectrometry. No data for analytical accuracy and precision were available.
Concentration data of three major elements (Al, K, Ti) and five trace elements (Rb, Y, Zr, Nb, Th) in siliciclastic mudstone and tuff samples were selected to establish multi-element patterns. These patterns define sample groups, each with a distinct pattern that subsequently served as a basis for correlation between the cores. Analytical results were normalized to a composite of Average Archean Crustal composition (AAC; Condie, 1993) . The elements between Th and Al are high field-strength elements, i.e. incompatible elements with low partition coefficients and residence times in seawater. They are transferred almost quantitatively to the sediment, and they closely reflect the composition of the continental crust (Taylor and McLennan, 1985) . The Ti-V-Cr group comprises siderophile elements. Alteration processes usually modify concentrations of K and Rb (Taylor and McLennan, 1985) , but both elements were included in a number of cases to differentiate between otherwise identical patterns.
Sedimentology and Depositional Environments
Carbonate rocks in the cores are completely dolomitized, but textures are relatively well preserved. A detailed description of lithofacies in the cores formed the basis for the interpretation of depositional environments ( Figure 6 and Table 1 ). Lithofacies were grouped into nine facies associations to understand the general sedimentary evolution in the two cores, which is summarized in this section (Figures 4 and 5, Table 2 ). Sandstone and diamictite lithofacies, which are restricted to the Vryburg Formation and the Karoo Supergroup, were not described in detail. The sedimentological core study also allowed recognition and definition of stratigraphic surfaces for correlation between the cores ( Figure 7 and Table 3 ).
Vryburg Formation
The Vryburg Formation was encountered only in core GKP01 (thickness 117 m) where it overlies basement of Ventersdorp Supergroup lavas ( Figure 5) . A high and irregular gamma-ray signal characterizes the unit ( Figure 5 ), which starts with a basal pebbly quartzitic sandstone containing reworked Ventersdorp clasts. This is overlain by about 20 m of quartzitic sandstones with wavy and lenticular lamination and massive beds. The sandstones pass to pyritic mudstones with slump folds and m-thick wacke interbeds. Ripple-laminated dolarenites and organic-rich siliciclastic mudstones occur in the top 15 m of the Vryburg Formation. The transition to the overlying Boomplaas Formation is generally gradational with increasing carbonate content.
Deposits of the Vryburg Formation record the initial flooding of craton and rapid deepening from shallowmarine to deep subtidal with deposition of turbiditic wackes. The increase in carbonate at the expense of siliciclastics near the top of the Vryburg Formation, and the appearance of stromatolite and oolitic dolostone beds at the base of the Boomplaas Formation (see below), suggest a return to deposition in shallower water (cf. Beukes, 1978; Altermann and Siegfried, 1997) .
Boomplaas Formation
The Boomplaas Formation is 95 m thick in GKP01, whereas only the top 21 m of the unit were drilled in core GKF01 (Figures 4 and 5) . The base of the Boomplaas Formation is drawn at the first bed of stromatolite and oolitic dolostone, which correlates with a sharp decrease in the gamma-ray signal ( Figure 5) .
Mostly cross-bedded to massive oolitic dolostones with admixtures of intraclasts, peloids and edgewise conglomerates make up the Boomplaas Formation (Figures 4, 5 and 6a, Table 1 ). Locally, cm-scale domal, columnar and digitate stromatolites are associated. Interbeds of siliciclastic mudstone are common in the lower part of the unit, but decrease up section, which is reflected in a decreasing gamma-ray signal ( Figure 5 ).
The association of oolitic dolostones and stromatolites indicates a relatively shallow subtidal environment (Tables 1 and 2 ). The proportion of siliciclastic material decreases from the upper Vryburg Formation through the Boomplaas Formation, indicating progressive shoaling of the environment. A shallowwater carbonate ramp was established on top of the Vryburg Formation siliciclastics (Beukes, 1978) .
Lokammona Formation
Thickness of the Lokammona Formation varies between 37 m in GKP01 and 50 m in GKF01. Its base is a sharp conformable contact in both cores, where siliciclastic mudstones overlie Boomplaas Formation carbonates (cf. Beukes, 1978) . The contact correlates with a sharp increase in the gamma-ray signal ( Figure 5 ).
Two pyritic siliciclastic mudstone units, interbedded with cm-and dm-thick dolarenites and flat pebble conglomerates ( Figure 6b and (Figure 6c ). They are petrographically similar to tuffs described in earlier studies (Table 1 ; cf. Altermann, 1996) . Similar tuff beds are common throughout the cored succession, but the most prominent tuff horizons occur in the Lokammona, Monteville and upper Nauga Formations (Figures 4 and 5) . Deposition of the Lokammona Formation was dominated by accumulation of fine-grained siliciclastics in relatively deep water below storm wave base. Dolarenites and flat pebble conglomerates are interpreted as debris flow and turbidite deposits, based on the occurrence of normal grading, erosive bases with load casts, and the interbedding with fine-grained siliciclastics ( Figure 6b and Table 1 ). The ooids in some of these gravity deposits were derived from shallower parts of the platform where carbonate production was still active, though some may also represent erosion of Boomplaas deposits. Tuff beds show sedimentary structures similar to the carbonate gravity deposits. Although some tuff beds may represent air fall tuffs, reworking of volcanic material, mixing with carbonate and siliciclastic detritus (Figure 6c) , and re-deposition as turbidites was probably common (see also discussion in Altermann, 1996) . Rocks of the Lokammona Formation were thus deposited in significantly deeper water than the underlying rocks, and the basal contact represents an important flooding surface (cf. Beukes, 1978) .
Monteville Formation
The contact between the Lokammona and Monteville Formations is gradational, with both cores showing an increase in reworked carbonate interbeds in the top meter of the Lokammona Formation. The boundary was drawn at a level where carbonates start to dominate the lithofacies, which coincides with a sharp decrease in gamma-ray values (Figures 4 and 5) . The Monteville Formation reaches thicknesses of 100 m in GKP01, and 129 m in GKF01 (Figures 4 and 5) .
Grainy and muddy slope dolostone lithofacies with intraclasts and peloids dominate the unit (Figure 6e , Tables 1 and 2 ). Subordinate lithofacies include siliciclastic mudstones and thin, mostly stratiform microbialite beds that occur preferentially in the upper half of the formation. The Monteville Formation shows fine and regular interbedding of the various lithofacies (Figures 6d and e) . Facies commonly are arranged in mscale parasequences with basal muddy slope dolostones passing up to grainy slope dolostones and microbialites (Figure 4 ). Turbidite dolarenites (see above) and microbial roll-up structures occur in places. A prominent zone of intense diagenetic pyritization was observed in the basal 10 m of the Monteville Formation (Figures 4  and 5 ). In addition, the basal Monteville Formation in GKF01 contains a spherule layer that consists of wellrounded sand-sized spherules with K-feldspar rims (Figure 4 ; Simonson, 1992) .
Fine interbedding of relatively fine-grained carbonates, turbiditic higher-energy sedimentation events, and the absence of wave-or storm-induced sedimentary structures indicate a slope depositional environment below storm wave base (e.g. Cook and Mullins, 1983) . Reworking of carbonates was restricted spatially and included destruction and re-deposition of microbial mats as intraclasts, peloids and roll-up structures (Figure 6e ; cf. Simonson et al., 1993; Sumner, 1997b) . The microbialites formed thin in-situ sheets or small buildups, and they were better developed in the proximal location (GKF01; Figures 4 and 5) . The spherule layers have been interpreted as tektites that formed during meteoritic impact events (Simonson, 1992) .
Lower Nauga Formation
The Nauga Formation as defined by Beukes (1978 Beukes ( , 1987 
Facies Association
Lithofacies Remarks belongs to the Prieska Facies and is the basinal equivalent to the platform succession between the Reivilo Formation and the Gamohaan Formation ( Figure 3 ). The Kamden Member provides a convenient informal subdivision, because it can be traced through most of the platform-to-basin transect (Beukes, 1987) , and the facies character of Nauga rocks differs below and above this marker. This contribution therefore informally subdivides the Nauga Formation into lower and upper units. The lower Nauga Formation has a sharp conformable basal contact that corresponds to a step from the irregular gamma-ray signal of the Monteville Formation to an essentially flat and low signal above. Thick microbialite facies dominate the cores (Figures 4, 5 and 6d). In core GKP01, the lower Nauga Formation directly overlies a dm-thick oolitic dolostone bed. Total thicknesses of the lower Nauga Formation range from 280 m in GKP01 to 404 m in core GKF01 (Figures 4 and 5) .
Microbial facies, mainly plumose and cuspate structures ( Figure 6d and Table 1 ; cf. Sumner, 1997b) , are prominent in both cores, but they are better developed in GKF01. Chert, thin BIF beds and thin intraclastic dolarenites occur locally. A spherule layer, with similar petrography to the Monteville Formation layer, occurs near the top of the lower Nauga Formation in both cores (Figures 4 and 5) .
Cyclic interbedding of various lithofacies characterizes much of the lower Nauga Formation. On the formation scale, the unit contains cycles of microbialites and slope dolostones (triangles in Figures 4 and 5). Cycles are 10's of meters thick, asymmetric and sharp-based. Each cycle starts with microbialites, which disappear gradually up section; slope dolostone lithofacies, composed of finely interbedded lumpy dolomites, dolomite laminites and rhythmites, dominate near the top of each cycle. As a general trend, the microbialite portions of these cycles tend to have a lower gamma-ray signal than the slope dolostones (Figures 4 and 5).
Higher-order cycles form the building blocks of the above microbialite units. These dm-and m-thick cycles start with relatively thin dolomite rhythmites and lumpy dolostones at the base, and pass up to thick microbialites ( Figure 6d and Table 1 ).
Similar to the Monteville Formation, rocks of the lower Nauga Formation were deposited in a slope environment with growth of in-situ microbialites and localized reworking of carbonate facies. Other studies have suggested a shallow-water depositional environment for much of the Nauga Formation, based on outcrops in the Prieska area (Altermann and Herbig, 1991) . Nevertheless, our observations provide support for the longstanding view that these rocks represent subwave base environments (Beukes, 1978 (Beukes, , 1987 ; see also discussion in Sumner and Grotzinger, 2004 ): a. largely regular interlamination of overall fine-grained facies b. lateral persistency of many beds, including the Nauga spherule layer (cf. , between cores c. preservation of delicate microbial structures d. partially siliciclastic character of the slope lithofacies e. absence of any sedimentary structures representative of shallow water f. almost complete absence of shallow-water grains (ooids, oncoids, aggregate grains), except in some gravity deposits, which contrasts with the dominance of ooids in the shallow-water Boomplaas Formation.
Upper Nauga Formation
In the informal subdivision of the Nauga Formation used in this contribution, the Kamden Member defines the base of the upper Nauga Formation. A more irregular gamma-ray signal than below characterizes the upper Nauga Beukes, 1978) .
The slope depositional environment of the lower Nauga Formation persisted into the upper Nauga Formation. An increase in siliciclastic mudstones without evidence for storm or traction deposits indicates deepening and/or higher input of fine-grained detritus. The increase in reworked slope deposits, including dolarenite gravity deposits, signals higher slope instabilities. Variations in sediment input seemed to have influenced the dolarenite-chert cycles ( Figure 6f ; see discussion below and Krapez et al., 2003) .
Klein Naute Formation
The Klein Naute Formation reaches thicknesses of 112 m in core GKP01 and 84 m in GKF01. The basal chert has a very low gamma-ray signal, but gamma-ray response increases markedly above the chert (Figures 4 and 5) .
The unit consists mostly of massive and laminated siliciclastic mudstone with abundant diagenetic pyrite and chert nodules (Figures 4 and 5) . Intraclastic dolarenite and bedded chert occur as dm-thick interbeds. Chert increases towards the top of the Klein Naute Formation.
The predominance of siliciclastic mudstone over detrital carbonate and the absence of shallow-water sedimentary structures suggest a deep-water environment well below storm wave base. Deposition occurred mostly under low-energy conditions, with occasional higher-energy depositional events represented by dolarenite beds. Table 1 ). As a result, the gamma-ray response is progressively reduced in the transition zone. All of these lithofacies are interbedded on a m-scale. Some intraclastic dolarenite gravity deposits occur in the middle of the unit in GKP01.
Kuruman Formation
The regular interbedding of fine-grained, dominantly chemical sediments suggests a deep and quiet depositional environment. Chemical sediments were precipitated under conditions of low detrital sediment flux (cf. Klein and Beukes, 1989; Krapez et al., 2003) .
Stratigraphic Correlation Introduction
Lithofacies analysis of the cores defined a number of surfaces that correlate between the two cores, and which are interpreted as time lines (surfaces S1-S14; Figure 7 and Table 3 ). These surfaces fall into three categories: sequence stratigraphic, volcanic/impact and lithologic. Gamma-ray patterns (Figures 4 and 5) and geochemical data (see below) were used in conjunction with the sedimentary correlation.
As a general result of correlation, a thickening of equivalent units towards the proximal setting (core GKF01) is observed ( Figure 7 ). Very pronounced lateral thickness variation starts with the lower Nauga Formation (above surface S5), and continues approximately to surface S8, which marks the top of main microbialite development in core GKP01 (Figure 7 ). In contrast, thicknesses do not vary much laterally throughout the top of the lower Nauga Formation and the basal upper Nauga Formation, before another phase of differentiation set in between surface S12 and the top of the upper Nauga Formation (Figure 7 ).
Sequence stratigraphic surfaces
Sequence stratigraphic surfaces include flooding surfaces and sequence boundaries, although the latter were difficult to establish in the mostly deeper-water setting recorded in the cores. Some of the more prominent mass flow or turbidite deposits could represent slope equivalents of erosional surfaces in shallower parts of the platform. For example, S5 is defined by a conspicuous oolite dolostone in GKP01 and a thin breccia in GKF01 (Table 3 ). The oolite indicates influence of the shallow platform margin on slope deposition, for example during major storms or lowstand erosion on the platform top. Although this distinction cannot be made based on the core data presented here, the stratigraphic interval is lithologically similar to the Motiton Member of the Monteville Formation, including tuff bed S4 (e.g. Beukes, 1987; Altermann and Siegfried, 1997) . The Motiton Member represents sea level fall on the platform (Beukes, 1987) . The development of thick microbialites in the overlying lower Nauga Formation could have been favored by low sediment fluxes and increased rates of accommodation space generation during a subsequent transgressive phase (cf. Burchette and Wright, 1992; Adams et al., 2004) . We therefore suggest correlation of surface S5 with the major sequence boundary between the Monteville and Reivilo Formations that was interpreted from detailed platform sections (cf. Sumner and Beukes, 2006) . The flooding surface at the top of the Boomplaas Formation was used as the datum for the correlation between both cores ( Figure 7 ). This surface separates shallow-water deposits of the Boomplaas Formation from overlying rocks that were deposited in relatively deeper-water slope environments.
Volcanic/impact surfaces
A number of generally thin volcanic tuff beds and spherule layers provide additional correlation markers ( Figure 7 ). Tuff beds in the cores are commonly reworked and occur as turbiditic beds, whereas correlation between tuff-rich stratigraphic zones is more substantial. Siliciclastic mudstones in close stratigraphic association with tuff beds and with a bulk-rock geochemistry reflecting volcanic input (see below) further support correlation of tuff beds.
Both cores have a spherule layer near the top of the lower Nauga Formation (S8; Figure 7) . A second layer near the base of the Monteville Formation occurs in GKF01, but erosion most likely removed it in core GKP01 (e.g. by impact-related tsunamis, cf. . These spherule layers were interpreted as products of meteorite impacts (Simonson, 1992) .
Lithologic surfaces
Markers include major siliciclastic mudstones, BIF and chert units (Figure 7 ). Although they are lithostratigraphic markers rather than time lines, the thick mudstones likely have a wide distribution between the cores and the platform, and may represent times of flooding in the basin. Similarly, the BIF and chert markers at the base of the upper Nauga (Kamden Member) and Klein Naute Formations, respectively, were traced in the field from basin to platform areas (Beukes, 1983; Sumner and Beukes, 2006) , and thus provide good marker horizons. In contrast, several thinner mudstone, BIF and chert beds have a restricted distribution and cannot be correlated between cores. Sedimentary correlations and sampling indicate that siliciclastic mudstones are more common in the proximal position (core GKF01), whereas chert and BIF beds are more abundant distal to the platform margin (core GKP01). This is particularly evident in the lower Nauga Formation, which contains more BIF and chert in GKP01 than in GKF01, whereas siliciclastic mudstones are more prominent in the upper Nauga Formation of GKF01 than GKP01. However, siliciclastic mudstones and chert and BIF cannot be shown to be direct lateral equivalents.
Gamma-ray
Similarity of gamma-ray patterns between the cores commonly supports the stratigraphic correlation. Secondly, several sharp breaks in the gamma-ray signal correspond to formation boundaries (Figures 4 and 5) . Usually, these coincide with lithologic transitions between carbonate and siliciclastic mudstone (e.g. Boomplaas-Lokammona), but even different proportions of in-situ microbialite and reworked carbonate in the lower and upper Nauga Formations are reflected by lower and higher gamma-ray signals, respectively.
The radioactive elements K, Th and U in fine siliciclastic detritus and authigenic minerals are the sources of the gamma-ray signal (e.g. Doveton, 1994) . Concentrations of these elements vary between minerals, and there is no direct relationship between gamma-ray signal and sediment input. However, gamma-ray response in the present study usually varies with lithologic breaks and differences in the proportions of slope carbonate (which has a small siliciclastic component, see Table 1 ) and microbialite (Figures 4 and 5). The gamma-ray signal of the cores therefore may be used as a monitor for bulk detrital input to the depositional system. Application of this tool suggests increased detrital sediment input in the upper Nauga Formation, and stratigraphic units rich in siliciclastic mudstone are clearly picked up by the gamma-ray signal.
Bulk-rock Geochemistry and Geochemical Correlation
Element concentration data obtained by XRF analysis (Table 4) were used to establish a geochemical correlation between the cores (Figures 8 and 9) . Correlation is based mainly on the bulk composition of siliciclastic mudstones, whereas an average geochemical signature was calculated from the analyzed GKP01 tuff samples, for comparison with mudstone patterns (see patterns Nauga B and E) ( Table 4 ). The following section briefly describes the main characteristics of these patterns and establishes a geochemical correlation (Figure 9 ). Patterns where relative concentration increases from left to right are referred to as having a positive slope, and vice versa.
Schmidtsdrif Subgroup
Pattern Schmidtsdrif is present in all samples of the Schmidtsdrif Subgroup and almost all Monteville (a) C tot .: total carbon; S tot .: total sulfur; *: samples without analysis of LOI and calculation of total sum; <d.l.: below detection limit; n.m.: not measured.
(b) *: samples without analysis of LOI and calculation of total sum; <d.l.: below detection limit; n.m.: not measured.
Formation samples. These samples have a flat geochemical signature similar to AAC (Figure 8a) . A slight enrichment of Y, Ti, V and Cr relative to AAC is present in all samples. In contrast, single mudstone samples from near the top of the Monteville Formation in each core show strong enrichment of high field-strength elements, but siderophile elements are strongly depleted, which creates a characteristic negative slope for the siderophile elements (pattern Monteville; Figure 8a ). Both samples are strongly enriched in Zr and are stratigraphically near the tuff designated as surface S4 (Figures 7 and 9) . Therefore, the similar geochemical signature of these mudstones supports the correlation that was established with tuff beds (Figure 9 and Table 3 ).
Lower Nauga Formation
Pattern Nauga A shows a flat signature, which is only slightly enriched relative to AAC, but has conspicuous Zr depletion and Cr enrichment (Figure 8a ). The pattern is restricted stratigraphically to thin siliciclastic mudstones above the basal Nauga microbialite unit (Figure 9 ). Mudstones at the top of the microbialite complex have a hat-shaped pattern with pronounced depletion in Th and enrichment of Ti and V (pattern Nauga B; Figure  8a ). These samples occur together with tuffs that delineate surface S6. Thus, a detailed correlation is possible at the top of the basal Nauga microbialite with support from both stratigraphic and geochemical data.
Despite some variability between samples, the remaining samples of the lower Nauga Formation share a pattern that is relatively depleted with respect to AAC (pattern Nauga C; Figure 8a ). The pattern often has a positive slope, in particular in samples from GKP01. Pattern Nauga C occurs mostly in samples above the basal Nauga microbialite, but it was found also in samples from the microbialite and from the base of the upper Nauga Formation in GKF01 (Figure 9 ). The stratigraphic distribution generally conforms to the sedimentary correlation (Figure 9 ). However, it overlaps with other patterns in GKF01, and no samples were available for the base of the lower Nauga Formation in GKP01. Therefore, this pattern was not used for detailed correlations.
Upper Nauga Formation
The prominent siliciclastic mudstone at correlation surface S12 has a geochemical signature (pattern Nauga D), which is similar to pattern Nauga A (Figures 8 and 9 ). Depletion in Zr and enrichment in Cr relative to AAC are more pronounced than in the lower Nauga Formation (Figure 8b ).
Pattern Nauga E is a hat-shaped pattern similar to Nauga B (Figure 8b ) and occurs in the mudstone at surface S13 (Figure 9 ). The geochemical patterns Nauga D and E thus confirm the stratigraphic correlations at surfaces S12 and S13.
Lastly, pattern Nauga F is distinctly flat and similar to AAC (Figure 8b ). It possesses a slight relative enrichment of Th and V, whereas Zr is slightly depleted. The pattern is common throughout the upper Nauga Formation in GKF01, but it occurs in only one sample of GKP01 (Figure 9 ). Distribution of this pattern conforms to the sedimentary correlation and to the distribution of patterns Nauga D and E, but it does not allow detailed correlations.
Klein Naute Formation
Samples from the Klein Naute Formation have geochemical patterns similar to AAC, but there is a general trend towards a negative slope (Figure 8b ). Most samples are enriched in Th, but depleted in Al and Cr relative to AAC (Figure 8b ). This signature was observed in all Klein Naute Formation samples from core GKF01, and all but one from GKP01 ( Figure 9 ). All samples are above the topmost sedimentary correlation surface S14, and indicate geochemical homogeneity of Klein Naute mudstones between cores.
Kuruman Formation
Geochemical signature Kuruman A is characterized by significant variation between the elements examined ( Figure 8b ). All samples are depleted in K. The degree of element depletion relative to AAC increases from Rb to Al, whereas elements Ti, V and Cr vary in their concentrations between samples (Figure 8b ). Samples with this pattern tend to have high average Fe concentrations and low average Si concentrations (Figure 8b) .
Overall, pattern Kuruman B is similar to pattern Klein Naute (Figure 8b ). The degree of element enrichment decreases from K to Nb, creating a negative slope (Figure 8b ). Between Nb and Cr the pattern is flat and similar to AAC. Samples have low average Fe concentrations and relatively higher Si concentrations than Kuruman A samples (Figure 8b ).
Pattern Kuruman A overlies Kuruman B in GKF01, but the stratigraphic distribution is reversed in core GKP01 (Figure 9 ). The occurrence of these patterns in mudstone samples apparently depends on the relative fractions of Fe and Si in the samples, rather than on a purely stratigraphic control. Such fluctuations are consistent with the interbedding of carbonates, siliciclastics, iron formation and chert, which creates a gradual transition to the overlying chemical depositional system (cf. Klein and Beukes, 1989) .
Discussion

Sedimentary Patterns in the Cores
Several observations suggest a control of ambient sediment flux on deposition of chemical sediments in the cores. First, thinner chert and BIF beds are developed preferentially in the distal core GKP01. Apparently, these rocks were deposited beyond the reach of calcareous and siliciclastic sediment that was sourced from the platform top and slope. Secondly, dolarenite-chert cyclicity in the upper Nauga Formation (Figure 6f ) is best explained as a response to variations in sediment flux. These cherts formed when sediment flux fell below a minimum threshold, similar to observations from the carbonate-to-BIF transition on the platform (Klein and Beukes, 1989) , and from the timeequivalent Hamersley Group in Australia (Krapez et al., 2003) . Further, sediment flux was minimal during transgressions, consistent with the view that the thicker cherts units, such as the Kamden Member, represent major transgressive stages (Beukes, 1987; Altermann and Siegfried, 1997) .
Another prominent feature of the cored succession, in particular in the lower Nauga Formation, is the microbialite-slope dolostone cyclicity, which may be controlled by sediment flux, water depth, or cementation. In the first case, reduced sediment flux would have favored microbialite formation (e.g. Burchette and Wright, 1992; Grotzinger and Knoll, 1999; Adams et al., 2004) . Controls on sediment flux include shifting of sedimentation channels on the slope, or differences in water depth. Detailed analysis of several sections in slope to platform margin environments indicates a relatively patchy geographical distribution of the microbialite units, which suggests local variations in sediment flux had at least a partial influence on microbialite formation (D. Y. Sumner, personal communication, 2004) . If the microbes responsible for microbialite formation were photoautotrophs, variations in water depth had the potential to cut them off from their light source. In this case, microbialites should rather represent the shallower lithofacies. Lastly, early marine cementation of microbial mats may have favored the development of upright microbial structures versus laminated mats and roll-up structures (Sumner, 1997b; Simonson and Carney, 1999) .
The stratigraphic correlation discussed above indicates strong lateral and vertical thickness variations between cores (Figure 7 and Table 3 ). Larger stratigraphic thicknesses in core GKF01 could be a result of higher sediment accumulation rates on the proximal slope, and/or higher compaction in GKP01. Elevated sediment accumulation rates are the preferred explanation in this case, because firstly, the thickness variation is often pronounced in units with a high proportion of microbialitic carbonate, which may have undergone early cementation (Sumner, 1997b; Simonson and Carney, 1999) and, as a consequence, less compaction ( Figure 7) . Secondly, core GKF01 contains a higher proportion of siliciclastic mudstones relative to GKP01, which would be expected to experience stronger compaction.
Sequence Stratigraphy and Platform Evolution
The top of the Boomplaas Formation represents a major flooding surface, which separates shallow subtidal carbonate facies from mixed carbonate-siliciclastic facies deposited below storm wave base. The overlying succession from the Lokammona Formation to the Monteville Formation records renewed shoaling and progradation of carbonate ramp deposits (cf. Beukes, 1978 Beukes, , 1987 Sumner and Beukes, 2006) . Sediment remobilization on the ramp was limited in volume, and most down slope sediment movement in the cores is recorded in the Lokammona Formation gravity deposits during the earlier stages of transgression (Figure 6b ). Sediment also may have bypassed the area towards deeper basinal areas. Consequently, little thickness variation occurs between GKP01 and GKF01. As discussed above, surface S5 near the top of the Monteville Formation probably correlates with a major sequence boundary that is developed in the platform succession (cf. Beukes, 1987; Sumner and Beukes, 2006) .
Platform rocks above the Monteville Formation record renewed flooding and aggradation of a rimmed platform margin (Beukes, 1987; Sumner and Beukes, 2006) . Sediment may have been retained close to the margin, and the lowered sediment export coupled with higher rates of accommodation space creation would have favored microbialite growth over deposition of reworked sediment (cf. Burchette and Wright, 1992) . Consequently, slope microbialite development was important during deposition of the lower Nauga Formation. This was particularly true in GKF01, and lateral thickness variations between the cores were accentuated. This phase seems to have ended near the level of surface S8, above which the lower Nauga Formation is characterized by fine-grained slope dolostones, poorly developed microbialite-slope dolostone cycles in GKP01, and a more subdued thickness differentiation between cores.
The Kamden Member (surface S10) represents a major transgression of distal chemical sediments towards the platform (Beukes, 1987; Altermann and Siegfried, 1997; Sumner and Beukes, 2006) . Up section, most rocks of the upper Nauga Formation record stronger thickness differentiation between cores, common intercalations of debris flow and turbiditic carbonates, and poor development of microbial facies. These observations are consistent with increased sediment export from a rimmed platform margin and shallower slope, following the Kamden transgression (cf. Beukes, 1987; Sumner and Beukes, 2006) . The abrupt appearance of deep subtidal siliciclastic mudstones in the Klein Naute Formation records major flooding of the platform, with only limited carbonate production being recorded in dolarenites. The carbonate depositional system was drowned and replaced by one of chemical and siliciclastic deposition under low-energy conditions over the entire former carbonate platform and basin areas (Beukes, 1987; Klein and Beukes, 1989) .
Geochemistry
The geochemical signatures of most siliciclastic mudstones analyzed in this study are comparable to AAC, and these mudstones thus represent good samples of Archean crustal composition (cf. Condie, 1993) . This is consistent with earlier observations that the Klein Naute mudstones have a terrigenous cratonic source SOUTH AFRICAN JOURNAL OF GEOLOGY (Klein and Beukes, 1989) . However, all analyses of Schmidtsdrif Subgroup and Monteville Formation samples (pattern Schmidtsdrif) are very uniform in their geochemical signature, whereas signatures tend to be more variable between samples from the lower Nauga to Kuruman Formations (Figure 8 ). The switchover likely coincides with major sea level fall and deposition of the Motiton Member across the platform (Beukes, 1978 (Beukes, , 1987 , substantial change in platform geometry (Sumner and Beukes, 2006) , and a depositional hiatus between the Monteville Formation and overlying younger Campbellrand strata (e.g. Dorland, 2004) . The differences in mudstone geochemistry may thus reflect a change in provenance of fine detritus, associated with major tectonic changes in the basin.
In contrast to the relatively flat, shale-type geochemical patterns, several samples have hat-shaped geochemical signatures with preferential enrichment of elements Ti and V over AAC. This pattern is nearly identical to signatures of GKP01 tuff samples (Figure 8 ). Both elements are commonly concentrated in magnetite during magmatic crystallization (e.g. Miyashiro and Shido, 1975; Pearce, 1982) . In a sedimentary system, magnetite can also indicate heavy mineral concentrations (e.g. Taylor and McLennan, 1985) , whereas V commonly is associated with organic material and redox reactions in reducing sediments (e.g. Jones and Manning, 1994; Piper, 1994) . However, given the close similarity of hat-shaped patterns and tuff patterns, a magmatic source of Ti and V seems most likely in the present case.
Conclusions
Scientific drilling through the NeoarcheanPaleoproterozoic Transvaal Supergroup (South Africa) has resulted in two long drill cores. The sedimentary dynamics in the cores were studied to provide a framework for future studies involving atmospheric and seawater composition and microbial ecology at the time. The cores, GKP01 and GKF01, cover the vertical transition from siliciclastic and carbonate rocks to banded iron formations (Schmidtsdrif to Asbestos Hills Subgroups). They are located on the proximal (GKF01) and distal (GKP01) slope of the Campbellrand-Malmani carbonate platform. Together with extensive studies of their shallow-water platform equivalents published elsewhere, these cores provide a well constrained platform-to-basin transect. Stratigraphic surfaces (sequence stratigraphic surfaces, lithologic markers and volcanic/impact layers), bulk-rock geochemistry of siliciclastic mudstones and tuff beds, and gamma-ray data allow detailed intra-core correlation and correlation between cores and the platform succession.
Rocks of the Boomplaas Formation at the base were deposited on a shallow subtidal carbonate ramp. Major flooding at the top of the Boomplaas Formation led to backstepping of the shallow-marine carbonate factory, and both cores record deposition in a slope environment below storm wave base. Slope facies include deeperwater siliciclastic mudstones, carbonate gravity deposits that derived from the shallower portions of the platform and slope, locally reworked slope carbonates, and microbialites. Decameter-scale depositional cycles of in situ microbialites and slope carbonates characterize much of the Nauga Formation. At the top, the carbonate platform drowned and deeper-water cherts, siliciclastic mudstones and BIF of the Kuruman Formation blanketed the platform, slope and basin areas.
Slope depositional patterns responded to accommodation space variations, changes in platform geometry between ramp and aggradational platform, shifting sediment sources, and early marine cementation of microbialites. As a result, sediment accumulation occurred preferentially in the proximal slope position, whereas chemical sediments like chert and BIF accumulated mostly beyond the reach of reworked slope sediment. Microbialite-slope carbonate cycles were probably controlled by sediment input and marine cementation.
Geochemical data suggest a major change in provenance of the siliciclastic material during the transition between the Monteville and Nauga Formations. A major hiatus developed across the platform and the basin during this time, followed by sandstone deposition and a change in platform geometry from ramp to aggradational margin.
